The evolution of eutectic morphologies following primary solidification has been studied in the refractory metal aluminide (Ta-Al-Fe, Nb-Al-Co, and Nb-Al-Fe) ternary systems. The undercooling accompanying solid growth, as related to the extended solute solubility in the primary and secondary phases can be used to account for the evolution of phase morphologies during ternary eutectic solidification. For small undercooling, the conditions of interfacial equilibrium remain valid, while in the case of significant undercooling when nucleation constraints occur, there is a departure from equilibrium leading to unexpected phases. In Ta-Al-Fe, an extended solubility of Fe in r was observed, which was consistent with the formation of a halo of l phase on primary r. In Nb-Al-Co, a halo of C14 is formed on primary CoAl, but very limited vice versa. However, in the absence of a solidus projection it was not possible to definitively determine the extended solute solubility in the primary phase. In Nb-Al-Fe when nucleation constraints arise, the inability to initiate coupled growth of NbAl 3 + C14 leads to the occurrence of a two-phase halo of C14 + Nb 2 Al, indicating a large undercooling and departure from equilibrium.
I. INTRODUCTION
THE formation of a halo or growth of a secondary phase around the primary phase and thereby precluding coupled growth is a common occurrence in off-eutectic alloy compositions. [1] One of the possible processing methods for the manufacture of components is via the liquid route, as it involves the extension of a well-established technology that permits components to be produced in a single-stage process. However in liquid-solid phase transformations, alloy compositions are restricted by the occurrence of appropriate phase equilibria that is dictated by thermodynamic as well as kinetic considerations. The latter specifically plays a key role in the evolution of phase morphologies for eutectic or near-eutectic compositions, such as in in situ composites, where fine-coupled eutectic structures are desirable over coarser dendritic structures (or halos) for superior mechanical properties. [2] Therefore, it becomes important to study the conditions under which the fine-structure-coupled eutectic prevails over the coarser dendritic structures or halos during solidification.
The aim of this paper is to investigate the formation of halos in some typical ternary systems. The refractory metal aluminide (RM-Al-X) systems are specifically chosen, since they have been considered as alternative materials for high-temperature applications. Typically, RM = Ta and Nb and X = Co, Fe. The high-temperature strength in these systems is derived through the presence of super-lattice precipitates, i.e., A2 + B2 or A2 + L2 1 phase mixtures, where A2 is bcc-disordered matrix, while the precipitates are super-lattice, i.e., B2, CsCl structure or L2 1 , the Heusler phase, [3, 4] while the role of Al is to impart oxidation resistance through the formation of a continuous layer of Al 2 O 3 . [5] [6] [7] The typical applications of these alloys are above 1000°C and finds use in structural applications. As an example, research investigating intermetallic Laves phase alloys has shown improved strength above 1273 K (1000°C). [8, 9] In equiaxed solidification, halo formation has been interpreted on the basis of non-reciprocal nucleation. [10] This can be illustrated as follows-in Figure 1 (a), b phase nucleates on a phase with undercooling, DT ba , but a phase nucleation on primary b requires a greater undercooling, DT ab . Therefore, when a hyper-eutectic alloy of nominal composition C 2 is cooled from the liquid state, b phase forms from the liquid and on cooling to T ab , a phase nucleates at an undercooling, DT ab . a phase grows around b phase as a halo. Subsequent growth of a phase returns the liquid composition back to C e and release of latent heat results in the liquid temperature reaching T e , when coupled eutectic growth occurs thereafter. The implicit assumption therefore is that coupled eutectic growth only occurs at a unique composition, C e . [10] It follows therefore that the size of the halo around the primary phase increases with increasing nucleation undercooling, i.e., deviation of the liquid composition from C e . ''p'' denotes Primary Phase. Fig. 1 -Schematic illustration for formation of halos in a binary system, (a) role of nucleation undercooling, where a phase is a good nucleant for b phase, but b phase is not a good nucleant for a phase in equiaxed solidification, (b) directional solidification showing the undercooling at the growing tips of the halo phase and that required for coupled planar eutectic growth, (c) schematic evolution of the secondary phase morphology in the inter-dendritic region and the existence of a lateral composition gradient.
b Fig. 2 -Back-scattered electron images and liquidus and solidus projections corresponding to S1, (a) low magnification, (b) high magnification, (c) liquidus projection and solidus projections at Ta-rich end. Also included are phase boundaries with decreasing temperature and the measured composition in the phases. Reproduced with permission from Refs. [22] and [23] .
However, it has been shown that coupled growth can in fact occur over a composition-temperature region, referred to as the coupled zone. [11] In this case the selection of the morphology, i.e., halo (primary growth of secondary phase) or coupled eutectic is determined by the growth undercooling or growth kinetics. The halo phase will grow around the primary solid, if it grows at lower undercooling (or greater tip temperature) compared with the eutectic front for a given velocity. This is illustrated in Figure 1(b) . For growth of the secondary phase as halo around the primary phase and corresponding to the liquid composition, C ¥1 , the undercooling below the eutectic temperature is determined from the a liquidus extension and is given by, DT a1 . If b phase forms from liquid composition, C ¥1 , the undercooling for growth of b phase must be calculated with respect to its equilibrium liquidus temperature and is given by, [DT a1 + DT b1 ], where DT b1 is the undercooling calculated with respect to the eutectic temperature, T e , as shown in Figure 1(b) . The growth velocity of b phase (V) can be calculated from the local undercooling. [12] On the other hand, if plane front coupled eutectic growth occurs, then it must do so with an undercooling, DT a1 = DT e1 below the eutectic temperature and with a velocity, V ¢ . [13] Therefore for a given undercooling below the eutectic temperature, DT a1 ¼ DT e1 ¼ m a ðC e À C 11 Þ, where m a (liquidus slope of a phase) < 0. Here C e is the invariant eutectic composition. A halo of b phase forms around primary a phase if, V > V ¢ , while coupled eutectic growth occurs if V < V ¢ . [14] If a halo forms, then progressive growth of b phase results in depletion of solute B in the liquid and consequently the liquid composition shifts progressively to C ¥2 , C ¥3 , …, where C ¥1 > C ¥2 >C ¥3 > …, as shown in Figure 1(b) . At each successive liquid composition, there will be a decrease in equilibrium liquidus temperature for b phase. This in turn results in decreased undercooling for continued halo growth, which in turn results in a lower growth velocity, V. Therefore at a certain liquid composition, C ¥i , V < V ¢ and consequently coupled eutectic growth will be established in the liquid. This must result in the development of a lateral composition gradient in the liquid perpendicular to the growth direction, as indicated in Figure 1(b) . [14, 15] The evolution of the microstructure, i.e., growth of halo phase or coupled eutectic is schematically illustrated in Figure 1(c) .
The formation of halos in binary systems under conditions of directional solidification have been well documented and temperature composition maps have been established for a range of alloy systems where the secondary phase grows as a halo phase and precluding coupled eutectic growth. [15] [16] [17] [18] However there are fewer investigations in ternary systems, where additional constraints occur.
First, in ternary and higher order multi-component systems during primary growth the liquid composition unlike in the case of the binary case, is determined by a kinetic model. [19] [20] [21] Therefore, it is not straightforward to determine DT a1 .
Second, in ternary systems de-stabilization of one or both phases can occur, since the partitioning of the third element will not be the same in both phases and a long-range diffusion layer is built-up. [11, 14] Accordingly, in this study we focus on some select compositions in the Ta-Al-Fe, Nb-Al-Co, and Nb-Al-Fe ternary systems produced by the arc melting process. The nominal compositions investigated are listed in Table I along with the phases that were observed in the microstructure based on detailed composition measurements and phase analysis using the liquidus projections, solidus projections, and isothermal sections.
II. EXPERIMENTAL
Samples were produced using arc melting, which involved melting of elemental powders on a cooled Cu hearth. With this method, small ingots of approximately 40 g of each alloy were cast via arc melting on a water-cooled hearth in an evacuated and argon backfilled atmosphere. Elemental metals with purity ‡ 99.9 pct were used as the feedstock and to minimize the loss of Al during the melting process, the alloys were fabricated in a two-step procedure. A binary alloy was created from the refractory and transition metals, which was then melted with pure Al to create the final ingot. To increase the homogeneity of both the binary and ternary alloys, at least five re-melting operations were used at each stage in between which, the ingots were physically inverted on the hearth.
All scanning electron microscopy (SEM) was performed using a dual-beam Philips XL 30 ESEM. Back-scattered electron images (BSE) were collected using a retractable solid-state back-scatter detector using high (20 kV) electron beam accelerating voltages for enhanced compositional contrast. Chemical analysis was undertaken in this system at 20 kV using Energy Dispersive Spectroscopy (EDS).
III. RESULTS
In this section, the evolution of the different eutectic morphologies during solidification as well as the composition of the various phases in relation to their respective phase boundaries will be presented in detail. 
S1
The solidification path of S1 is expected to follow, L fi r + L and L fi r + l, following from the liquidus and solidus projections. [22, 23] Figures 2(a) and (b) are low-and high-magnification back-scattered electron images (BEI's), respectively, from which the following observations can be made:
(a) There is the occurrence of a limited extent of primary phase (bright contrast) having an irregular-shaped morphology. The inter-dendritic (ID) region comprises of a dark matrix phase along with the bright phase showing lamellar morphology. Some coarsening of the lamellae is also observed. (b) The primary phase corresponds to r, following from the composition measured at a number of locations across the primary globular phase (Table II) and the solidus projection. [22, 23] Micro-segregation occurs during primary freezing, as observed in the standard deviation in the measured r composition. An extended (increased) solubility of primarily Fe is observed in r from the solidus projection, as shown in Figure 2 (c). This extended solute solubility cannot be accounted by solubility changes occurring during cooling, since the solidus surface of r enclosed by the r/[r + l] and r/[r + A2] boundaries shifts to lower Fe (higher Ta) concentrations with decreasing temperature. (c) The inter-dendritic region (dark contrast) is l phase following from the composition measured at a number of locations within this region (Table II) and the solidus projection. [22, 23] The fine lamellae preclude composition measurements because of volume averaging effects, [24] but the coarsened island morphology corresponds to r phase. The composition of l phase lies within the single-phase region in the solidus projection ( Figure 2(c) ). However, since the l/[l + A2] phase boundary moves towards higher Fe concentration with decreasing temperature, the change in solute solubility within l phase during subsequent cooling cannot be neglected. It is worth emphasizing that in Table II , the two phases occurring in this alloy have Al contents of 16.1 (r phase) and 20.0 at. pct (l phase), both of which are lower than the nominal value, 20.3 at. pct given in Table I . The latter was measured at low magnification, typically 950 over a series of locations across the cross section. Since the composition of r phase (Al-rich) was only measured in the coarse island-type morphology, it can be concluded that the fine lamellar morphology must be enriched in Al compared with the coarse morphology.
The solidification sequence is therefore, L fi r + L and L fi r + l. The extent of primary solidification of r is very limited and followed by a eutectic reaction. Initial eutectic freezing is accompanied by a divorced morphology followed by coupled growth. The divorced morphology preceding coupled growth corresponds to a halo of l phase around primary r phase.
S2
The solidification path of S2 is expected to follow, L fi r + L and L fi r + l, following from the liquidus and solidus projections. [22, 23] Figures 3(a) and (b) are low-and high-magnification BEI's, respectively, from which the following observations can be made:
(a) There is the occurrence of the primary phase (bright contrast) having an irregularly shaped morphology and the inter-dendritic (ID) region comprises a dark phase. (b) The primary phase corresponds to r, following from the composition measured at a number of locations across the primary phase (Table II) and the solidus projection. [22, 23] An extended solubility of primarily Fe is observed in r from the solidus projection, as shown in Figure 3 (c), which like in S1 cannot be accounted by solubility changes occurring during cooling.
(c) The inter-dendritic region (dark contrast) is l phase following from the composition measured at a number of locations within this region (Table II) and the solidus projection. [22, 23] The composition of l phase lies within the single-phase field in the solidus projection ( Figure 3(c) ). However, since the l/[l + A2] phase boundary moves towards higher Fe concentration with decreasing temperature, the change in solute solubility within l phase during subsequent cooling cannot be neglected.
The solidification sequence is therefore, L fi r + L and L fi r + l. Primary solidification of r is followed by a eutectic reaction with a divorced morphology. The divorced morphology preceding coupled growth corresponds to a halo of l phase around primary r phase, which is more prominent in S2 compared with S1.
S3
The solidification path of S3 is expected to follow, L fi CoAl + L and L fi CoAl + C14, following from the liquidus projections and isothermal sections. [25] [26] [27] (Table III) and the isothermal projections at a series of temperatures. [25] [26] [27] The measured composition lies on the CoAl/[CoAl + C14] phase boundary, as observed in the isothermal sections at lower temperatures: 800°C and 1200°C, and there is clear evidence of a change in solute solubility during cooling: 1477°C and 1492°C (Figure 4(d) ). In the absence of a solidus projection and change in solute solubility it is not possible to ascertain the extent of any extended solute solubility in the primary phase. (c) The composition measurements in the secondary phase are restricted to the coarser inter-dendritic morphology and the halo to minimize volume averaging effects (Table III) and corresponds to C14 following from the isothermal projections at a series of temperatures. [25] [26] [27] However, the measured composition will have some degree of volume averaging with CoAl, given the fine scale of the C14 phase, resulting in a lower measured Nb concentration. Consequently, the role of volume averaging cannot be discounted in the measured composition lying outside of the C14 phase field in the isothermal sections shown in Figure 4 (d).
The solidification sequence is, L fi CoAl + L and L fi CoAl + C14. However, prior to the occurrence of coupled eutectic growth, there is the distinct formation of a halo of C14 phase on primary CoAl solid. 
S4
The solidification path of S4 is expected to follow, L fi C14 + L and L fi C14 + CoAl, following from the liquidus and isothermal sections. [25] [26] [27] Figure 5 (a) is a low magnification, while Figures 5(b) and (c) are high-magnification BEI's from which the following observations can be made:
(a) The primary phase (bright) shows a small degree of faceting. The inter-dendritic (ID) region comprises a fine lamellar morphology, with nucleation and growth of the dark phase. There is generally the absence of the halo on the primary phase and the lamellar morphology emanates directly from the primary phase. However, in some localized regions as indicated in Figure 5 (c), a thin halo of CoAl around primary C14 can be discerned, but it is markedly less prominent compared to the halo of C14 formed around primary CoAl. In the terminal stages of freezing, there is some progressive coarsening of the lamellar morphology, specifically at the boundary between two adjacent abutting eutectic cells. (b) The primary phase is C14 following from the composition measured at a number of locations (Table III) and the isothermal sections. [25] [26] [27] The measured composition lies on the C14/ [C14 + CoAl] phase boundary at 1492°C ( Figure 5(d) ), but in the absence of a solidus projection it is not possible to ascertain the extent of any extended solute solubility in the primary phase. (c) The composition measured (Table III) is restricted to the coarser inter-dendritic morphology to minimize volume averaging effects and corresponds to CoAl phase, following from the isothermal projections at a series of temperatures. [25] [26] [27] The measured composition lies beyond the single-phase field, but given the fine morphology volume averaging is always prevalent in CoAl, resulting in a higher measured Nb concentration.
The solidification sequence is L fi C14 + L and L fi C14 + CoAl. Moreover, there is generally the absence of a halo of CoAl phase on primary C14 solid, although it is observed in some localized regions.
S5 The solidification path of S5 is expected to follow
and L fi NbAl 3 + C14 + Nb 2 Al, following from the liquidus and solidus projections. [28] [29] [30] Figure 6 (a) is a low magnification, while Figures 6(b) and (c) are high-magnification BEI's from which the following observations can be made:
(a) The primary phase (dark contrast) is dendritic.
The inter-dendritic (ID) region comprises a fine lamellar morphology. The lamellar structure comprises two distinct types:
(i) There is a lamellar structure that emanates from the primary solid constituting a two-phase halo. The halo can be justified on the basis that none of the two lamellar constituents (bright and gray) constitute the primary phase. (ii) Beyond the initial two-phase halo, further growth corresponds to a ternary eutectic with the nucleation and growth of the primary phase, as the third constituent in the eutectic.
(b) The primary phase corresponds to NbAl 3 following composition measurements at a number of locations and the isothermal projections at a series of temperatures, as shown in Figure 6 (d). (c) The fine lamellar morphology precludes accurate composition measurements. However, given the regular morphology of the eutectic, average compositions were measured within both the twophase (halo) and three-phase morphologies. The measured composition in the two-phase halo lies in the two-phase Nb 2 Al + C14 phase field, indicating that the halo corresponds to coupled growth of Nb 2 Al + C14. [28] The ternary eutectic corresponds very closely to the invariant point in the liquidus projection involving NbAl 3 , Nb 2 Al, and C14, [28] [29] [30] as shown in Figure 6 (d).
The solidification sequence is L fi NbAl 3 + L, L fi Nb 2 Al + C14 + L, and L fi Nb 2 Al + C14 + NbAl 3 , which is not as expected from the phase diagram (Table IV) .
IV. DISCUSSION
Unlike in the binary phase diagram where the ''partition coefficient (k)'' is fixed at a given temperature during primary freezing, this is not the case in ternary systems since an added degree of freedom exists. For conservation of solute during primary freezing in an incremental temperature interval, dT or time interval dt, where the new solute composition in the liquid at [T À DT] is given by [C ¥B + dC ¥B ] and [C ¥C + dC], df S is the incremental fraction solid and D S is the solute diffusivity in the solid. For small undercooling S/L interfacial equilibrium exists and therefore there are only two unknowns in Eqs.
[1a] and [1b], i.e., df S and dC ¥B (or dC ¥C ). Therefore, the extent of back-diffusion will govern the extent of incremental solid growth (df S ) and the composition in the liquid. [31] [32] [33] This is schematically illustrated in Figure 7 , where two representative paths taken by the liquid over the liquidus surface during primary freezing is indicated. Accordingly, the liquid composition intersects the eutectic valley (DG) at two different points at the end of primary solidification depending on the path followed, as governed by the kinetics of back-diffusion.
At the end of primary growth the evolution of the secondary (b) phase morphology will be determined by the local undercooling. Accordingly, let (C B e , C C e ) correspond to the liquid composition in the eutectic valley at temperature T (at end of primary growth) and because of undercooling the composition of the liquid into which b phase grows is (C ¥B , C ¥C ) and (C B e , C C e ) " (C ¥B , C ¥C ). Using Figure 1 but extrapolating to a ternary system, the net undercooling with which b (halo) phase grows is then,
when the curvature term is neglected and both bracketed terms on the LHS of Eq. [2] are positive. The subscripts refer to a and b phase, m aB ¼ @T @C B const C<0, etc. The first bracketed term on the LHS of Eq. [2] is the undercooling below the eutectic valley and the second bracketed term is the undercooling at the eutectic valley with respect to local b liquidus temperature, as shown in Figure 7 . Following the approach in Reference 34 in case of 3-phase planar eutectic growth (L, a and b), the corresponding undercooling for coupled eutectic growth can also be determined. Like in the binary case for a given undercooling, a halo of b phase forms around primary a, if V > V¢, following the terminology defined previously. Importantly from the preceding arguments in a ternary system, the solidification path will play a prominent role in the formation of halos, since it defines (C B e , C C e ), i.e., it defines the point where the liquid composition intersects the eutectic valley, as illustrated in Figure 7 .
In the Ta-Al-Fe system, a corresponds to r phase and b corresponds to l phase. The liquidus temperature of both S1 and S2 is approximately 2100 K (1827°C), as deduced from the liquidus projection in References 22 and 23, but as observed in Figures 2(c) and 3(c) following primary solidification of r, the path followed by the liquid composition along the r À l eutectic valley during the eutectic reaction, L fi r + l is different in the two cases. This is because the line joining the average solid (r) composition and the nominal composition following primary freezing intersects the r À l eutectic valley, on either side of the maximum (e 1 ) in References 22 and 23. When coupled eutectic growth is observed following the formation of an initial halo (S1), the liquid composition intersects the eutectic valley defined by e 1 U 1 (where U 1 is the quasi-peritectic point in the Al-lean end), while when there is no coupled growth (S2) the liquid composition intersects the ''eutectic valley'' defined by e 1 U 2 (where U 2 is the quasi-peritectic point in the Al-rich end). This confirms that the solidification path: C ¥C ] into which the halo grows and which determines the phase morphologies that evolve.
Since it is not possible to easily measure the undercooling, it is important to note that since undercooling occurs below the eutectic temperature it must lead to an extended solute solubility within the primary phase through m rFe and m rTa . It is easier therefore to measure this extended solute solubility in the solid. However as a point of caution, it must also be emphasized that changes in solute solubility can also occur during cooling. Nevertheless it can be observed from Figures 2(c) and 3(c) that an extended solubility of at least~2 at. pct Fe is observed in r phase in both S1 and S2, given that the measured composition lies outside of the single-phase field. It must also be pointed out that the coupled eutectic growth morphology comprises individual cells, which grow and abut into each other in S1 and arises from a long-range diffusion boundary layer is built-up above the composite S/L interface. Therefore coupled eutectic growth does not occur with a planar front, but comprises cells. Another point pertaining to primary freezing in S1 and S2 is worth mentioning. In S1 the nominal composition lies almost on the eutectic valley; nevertheless a noticeable amount of primary r is observed. A possible explanation is that the location of the r À l eutectic valley in the liquidus projection in the vicinity of S1 is inaccurate. [22, 23] It should be slightly displaced to the right in Figure 3(c) , so that the nominal composition is further displaced from the eutectic valley.
In the Nb-Al-Co system, a thin halo of C14 is observed around primary CoAl (S3) but very limited vice versa (S4). The approximate liquidus temperature of S3 is 1818 K (1545°C) and S4 is 1841 K (1568°C), as deduced from the liquidus projection [25] and solidification must terminate before the peritectic reaction, L + C14 + CoAl fi Co 2 AlNb, occurs at 1755 K (1482°C). There is no reported solidus projection and the highest temperature isothermal projection is (1492°C). [27] Noting that there is very little change in the profile of the CoAl/[CoAl + C14] boundary in the composition range 35 at. pct < Al < 55 at. pct and 0 < Nb < 8 at. pct and the CoAl composition in S4 lies on the boundary (Figure 4(d) ) in the temperature range (800°C to 1200°C), in the absence of a solidus projection and a clear change in solute solubility in the temperature range (1477°C to 1492°C), no definitive assertions about the existence of any extended solute solubility in CoAl can be made. [26, 27] A similar situation exists when C14 is the primary phase in S5. Although the measured composition of C14 lies outside the single-phase field, in the absence of a solidus projection an extended solute solubility in C14 cannot be definitively confirmed. However, the very thin halo (< 2 lm) indicates that the halo phase grows at a lower undercooling compared with that in S1 and S2. With progressively decreasing undercooling accompanying growth of C14 halo phase, coupled eutectic growth is rapidly established. Like in the Ta-Al-Fe case, the coupled morphology comprises individual cells, which grow and abut into each other indicating a de-stabilization of both constituent phases.
In the preceding analysis given the restricted extended solute solubility, it was reasonable to use the assumption of equilibrium at the S/L interface. However, in some cases, the eutectic phases grow at large undercooling and there is departure from equilibrium. This mainly arises from nucleation constraints and is observed in S5 in the Nb-Al-Fe system. The liquidus temperature of S5 is approximately 1600°C (1873 K), as deduced from the liquidus projection in References 28 through 30 and the nominal composition is located almost on the NbAl 3 -C14 eutectic valley, which indicates very limited primary solidification. The positioning of the eutectic valley in the vicinity of S5 is also correct, since the measured composition of the 3-phase eutectic [NbAl 3 + C14 + Nb 2 Al] corresponds very closely to that of the invariant 4-phase eutectic reaction in the liquidus projection ( Figure 6(d) ). Therefore the notable presence of primary NbAl 3 ( Figure 6(a) ) indicates that growth of C14 either as a halo or as coupled eutectic requires significant undercooling. This results in the liquid composition departing significantly from the NbAl 3 -C14 eutectic valley and continuing on the metastable NbAl 3 liquidus surface. The continued primary growth of NbAl 3 leads to depletion of Al in the liquid. The corresponding solid compositions will also lie beyond the solidus surface bounded by M 1 M, as shown in Figure 7 , when the primary phase shows solute solubility. However since NbAl 3 is a stoichiometric compound, this is not the case here. In the case of significant undercooling when the extended liquidus surface lies below the Nb 2 Al-C14 eutectic valley for the corresponding liquid composition, either Nb 2 Al or C14 or both phases can nucleate on the primary solid. The coupled growth of Nb 2 Al + C14 constituting a two-phase halo implies that Nb 2 Al + C14 coupled eutectic must grow at a smaller undercooling than either NbAl 3 + C14 coupled eutectic, NbAl 3 + Nb 2 Al coupled eutectic, C14 halo, or Nb 2 Al halo on primary NbAl 3 , as also observed in Reference 28. The growth of the halo phase is then followed by the invariant eutectic reaction, L fi Nb 2 Al + C14 + NbAl 3 .
Finally, it is worth emphasizing in these experiments that because of the small size of sample, large thermal gradients are achieved. For larger samples, the cooling rates (V) are lower but at the same time there is also a lower directional heat flux (G). Consequently in the case of halo growth it is not straightforward to qualitatively ascertain the change in the term GD V in Eq. [2] . When this term dominates, halo growth is restricted since for a given velocity the secondary phase grows with a higher undercooling compared to that for the coupled eutectic.
V. CONCLUSIONS
Secondary phase morphologies following primary solidification has been studied in the Ta-Al-Fe, Nb-Al-Co, and Nb-Al-Fe ternary systems. The following conclusions can be made:
(1) The undercooling accompanying solid growth is related to the extended solute solubility in the primary and secondary phases and can be used to account for the evolution of phase morphologies during ternary eutectic solidification. (2) In Ta-Al-Fe system, there occurs an extended solubility of Fe in r phase, which was consistent with the formation of a halo of l phase on primary r phases. (3) In Nb-Al-Co system, halo of C14 is formed on primary CoAl, but very limited vice versa. In the absence of a solidus projection it was not possible to definitively determine the extended solute solubility in the primary phase. (4) Nucleation constraints result in large undercooling and departure from equilibrium conditions and leading to the occurrence of halos. In Nb-Al-Fe system, extended primary freezing of NbAl 3 is followed by a two-phase halo of C14 + Nb 2 Al on primary NbAl 3 , before the ternary eutectic reaction.
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